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ABSTRACT

POPULATION STRUCTURE OF EUONYMUS ALA TUS (BURNING BUSH) IN
FORESTS OF SOUTHEASTERN NEW HAMPSHIRE AND POTENTIAL FOR
FURTHER SPREAD
by
Rachel D.M. Johnson
University of New Hampshire, May, 2013

Burning bush (Euonymus alatus) is an exotic ornamental shrub invasive in
forests of the northeastern United States. I sampled burning bush populations in four
mid-successional forests and related burning bush success or “status” (based on
presence and height in 4 m2 plots) to environmental factors, including
photosynthetically active radiation (PAR), soil nutrients, and abundance of other
plants. All populations were multi-aged, with a greater number of younger than older
stems, and with taller, older plants producing fruit. Burning bush status was
significantly and positively related to percent total transmitted PAR, negatively to the
basal area of shade tolerant trees 4-10 cm dbh, and negatively to percent total soil
nitrogen. Populations of burning bush will likely persist and may expand, although
expansion may be slowed by low light availability.

CHAPTER I - INTRODUCTION

Non-native, invasive plants are changing forest systems of the eastern United
States (Webster et al., 2006). More than 20 species of woody vine, shrub, and tree
species are potential threats to diverse forest ecosystems, directly or indirectly
changing community structure, succession, and processes. In forests, invasive species
may inhibit the growth of native herb species (Miller and Gorchov, 2004; Doming
and Cipollini, 2005; Hartman and McCarthy, 2008; McKinney and Goodell, 2010)
and suppress native tree regeneration (Frappier et al., 2003a, 2004; Fagan and Peart,
2004; Stinson et al., 2006; Mascaro and Schnitzer, 2007; Galbraith-Kent and Handel,
2008). Additionally, invasives may interfere with the fire regimes of forests by
increasing fire frequency or intensity, with possible indirect effects including changes
in species composition, nutrient availability, and water processes (D’Antonio, 2000;
Brooks et al., 2004; SimberlofF, 2011).
Invasive woody plants may also directly impact forest ecosystem services,
including nutrient cycling, via changes in litter composition, disruption of soil
communities, and alteration of soil conditions (Vitousek, 1986; Elgersma and
Ehrenfeld, 2011; Simberloff, 2011). Hydrology, specifically the amount of water
available, may be affected as in the case of several alien trees, including Eucalyptus
and Acacia spp., invading river catchments in South Africa. The invasive trees appear
to utilize groundwater more quickly than the native plants thereby decreasing water
availability downstream (Le Maitre et al., 2002). Adverse impacts on wildlife have
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been documented, including fewer cardinal fledglings when initial nests are
established in Lonicera maackii (Rodewald et al., 2010), and changes in rodent
foraging behavior in L. maackii-infested areas (Dutra et al., 2011). McKinney and
Goodell (2010), also studying invasion in forests, found that pollinator services to
native species were interrupted due to shading from L. maackii. Finally, in addition to
the economic costs associated with the detrimental impact of exotic species (Mack
and Lonsdale, 2001; Evans, 2003; Pimental et al., 2005), there is growing evidence
that invasive plants are facilitating the spread of human parasites and impacting
human health (Mack and Smith, 2011).
The invasion of an area by an alien plant species begins with the arrival of a
propagule, usually by wind, water, fauna, or human activity. The importance of
propagule pressure, often measured as nearness to residences and their associated
horticultural plantings, or as relative distances to trails and roads, has been tied to the
likelihood of community invasibility (Barton et al., 2004; Lundgren et al., 2004;
Kelly et al., 2009; Gavieri-Pizzari et al., 2010). Following initial arrival of a seed, its
subsequent germination and survival are determined by the plant's ability to utilize
the available resources, tolerate or compensate for resources in low abundances, and
avoid or withstand predation. The successful invasion of an area occurs upon further
expansion and persistence of the population, and is a complex interaction of the
plant traits of the exotic species (growth form, growth rate, seed dispersal
mechanisms, threshold of low resource tolerance), the biotic and abiotic
characteristics of the invaded community, and dispersal distance (Rouget and
Richardson, 2003; Theoharides and Dukes, 2007). Additionally, because natural
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communities are dynamic rather than static systems, the traits that may confer
invasive success and the conditions that determine community invasibility vary with
scale (local vs. regional) and time since initial invasion (Daehler, 2003; Richardson
and PySek, 2006; Vila and Ibanez, 2011).
Greater diversity and abundances of woody invasives are generally associated
with early- or mid- successional habitats (Rejmanek, 1989; Lundgren et al., 2004;
Johnson et al., 2006; Searcy et al., 2006), in part because so many introduced plants
are shade intolerant, ruderal species (Martin et al., 2009). Mature forests, although
considered more resistant to invasion, are not invulnerable to colonization by some
woody species, especially those that are shade tolerant (Webster et al., 2006; Martin
et al., 2009). The connection between invasion of forests by woody plants and
disturbance of the forest canopy has been well established. Plants compete for
resources such as light and soil nutrients, and some researchers have hypothesized
that by reducing such competition, increasing available resources, and expanding the
heterogeneity of the landscape, disturbance to the forest canopy promotes invasion
(Anderson, 1999; Parendes and Jones, 2000; Webb et al, 2000; Huebner and Tobin,
2006; Von Holle and Motzkin, 2007; Burnham and Lee, 2010; Matlack and Schaub,
2011; but see Moles et al., 2009). Both historical land use (clearing, tilling, grazing)
and recent disturbances (logging, ice- or wind-damage) have been associated with
higher exotic species richness (Hunter and Mattice, 2002; Von Holle and Motzkin,
2007; Kelly et al., 2009) and abundances (Cunard and Lee, 2009; Burnham and Lee,
2010; Lee and Thompson, 2012). However, in the absence of disturbance, others
have suggested that some of the more shade tolerant invaders may compete well with
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natives, and that invasion is limited mainly by the reproductive and dispersal
capacity of the invasive plant (Webb et al., 2001; Frappier et al., 2003b). In some
cases, absence of disturbance limited the rate of invasion much more than it did the
establishment of the plant itself (Martin and Marks, 2006).
Some of the woody species that have successfully invaded intact forest in the
absence of recent disturbance include glossy buckthorn (.Frangula alnus) (Frappier et
al., 2003b), Amur honeysuckle (Lonicera maackii) (Deering and Vankat, 1998),
Norway maple (Acerplatanoides) (Martin et al., 2010), and common barberry (Berberis
vulgaris) (Matlack and Schaub, 2011). Burning bush, Euonymus alatus (Thunb.) Sieb.,
hereafter E. alatus, has been suggested as a forest invader (Webster et al., 2006) but
there is little information about the ability of this species to invade forests or the types
of forests it is able to invade.
A member of the Celastraceae, E. alatus is a deciduous shrub native to east
Asia, including far eastern Russia, central China, Korea, and Japan (Ma, 2001),
where it is valued for its medicinal uses. It was introduced to North America as an
ornamental ca. 1860 (Mehrhoff et al., 2004). A branching, erect shrub, it can grow in
excess of 4 m in height and width. The distinguishing morphological features are the
corky wings on the green and brown striped stems, and the opposite, elliptical, finelytoothed, and pointed leaves that turn scarlet in the fall. Some varieties do not exhibit
obvious wings on the stem. E. alatus has been described as growing in a variety of
light conditions from full sun (Huebner et al., 2008) to full shade (Ebinger et al.,
1984; Martin, 2000; Huebner et al., 2008), and tolerates a range of soil types and pH
levels (Martin, 2000; Mehrhoff et al., 2004), but none of these authors actually
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measured the amount of light reaching E. alatus in any of the shaded situations so the
extent of its “shade tolerance” is unknown. Though it seems to do best in welldrained soils, E. alatus appears to thrive anywhere along the continuum of soil
moisture, including drift prairie dunes (Ebinger et al., 1984), coastal scrublands,
pastures, woodlands (Ebinger, 1996; Swearingen et al., 2002; Mehrhoff et al., 2004;
Martin, 2000), seasonally flooded forest ravines (Ebinger et al., 1984) and on rotten
logs (Ebinger et al., 1984), but again, no soil type or soil moisture content was
quantified. In its native range, E. alatus grows at elevations from 40 to 2700 m (Ma,
2001), but in New England, it has been documented as “escaped” at elevations from
sea level to 300 m (Mehrhoff et al., 2004). Martin (2000) notes that even under forest
conditions E. alatus produces copious bird-dispersed fruit, although neither the light
available or the number of fruit were specified. A different source found that larger
plants averaged 1238 fruits per plant (Knight et al., 2011). Plants are also capable of
vegetative reproduction by root sprouts(Swearingen et al., 2002; pers. obs.). Leaves
of many Euonymus spp., including E. alatus, contain toxins in the form of alkaloids
and cardenolides (Fung, 1986). In the US, sales of the several cultivars of E. alatus
exceed $38 million annually (Reitz, 2011). Because of its popularity as an
ornamental, the potential seed sources are widespread and prodigious.
Euonymus alatus is considered invasive in 21 states and all sales of it are
prohibited in two: New Hampshire and Massachusetts (Reitz, 2011). Although no
data were provided, based on years of work in Illinois, Ebinger was of the opinion
that E. alatus is capable of dominating the understory of closed-canopy forests
(Ebinger et al., 1984) and replacing native shrubs (Ebinger 1996). Indeed, in a
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greenhouse experiment involving potted plants, Vagos (2008) found that E. alatus
out-competed native shrubs. Though regarded as a threat to eastern US forests
(Webster et al., 2006), no studies have specifically targeted the relationship between
the success of E. alatus and the environmental variables of the forest areas where it
occurs. Literature searches for is. alatus occurrences in eastern forests predominately
find articles reporting on all non-native plants in an area, with E. alatus mentioned as
one of many. Overall, then, very little research has been conducted on the pattern
and process of forest invasion by E. alatus.
Some surveys of invasive species do provide information about the pattern of
E. alatus invasion. For example, working in central Massachusetts, Searcy et al.
(2006) found E. alatus in only five of their 478 sites, and it tended to occur in
undisturbed rather than disturbed areas. The undisturbed habitats included riparian
and forested lower-slope sites. A detailed resource inventory of forested lands owned
by the University of New Hampshire and located in Durham, New Hampshire,
revealed that several alien woody species, including E. alatus, had established in these
stands (Perron, 2004a, 2004b). While some species such as glossy buckthorn and
Japanese barberry were widespread, occurring at many sample points, E. alatus was
present at only 19 of 141 sites (13.5%) in 680 acres of forest. Field reconnaissance of
these sites found localized populations of dense E. alatus confined to well-defined
areas, and consisting of individuals that ranged in size from seedlings to mature,
seed-producing adults > 2 m in height (pers. obs.).
For any invasive species, the pattern of invasion is likely influenced by two
processes, seed dispersal and site variables (local limiting factors). Dispersal takes
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time, and the abundance and distribution of any invasive woody species at any point
in time may be closely related to propagule availability and the timing of disturbance.
For example, Hunter and Mattice (2002) found that the overall frequency and
distribution of non-native plants in state woodlots in New York increased from the
years 1938-1999, due in part to dispersal. Flory and Clay’s (2006) work in the eastern
deciduous forests of Indiana showed that the density of invasive shrubs, including E.
alatus, decreased as the distance from the nearest road increased, regardless of the
successional age of the forest. In a town in rural Maine, Barton et al. (2004) found
that an increase in abundance of invasive woody plants was associated with
proximity to horticultural plantings and nearness to town. All three of these studies
suggest that dispersal might be important in determining the distribution of invasive
plants.
Microsite conditions, including light levels, soil characteristics and associated
vegetation, also have been positively correlated with increased presence of invasive
plants. Cunard and Lee (2009) found that light limitation resulted in the patchy
distribution of Frangula alnus in mature NH forests and that live plants were found in
areas with more light. Other studies concluded that the observed pattern of
distribution of invasive species at a site was a result of a combination of variables.
Parendes and Jones (2000) were able to relate some of the spatial patterns of invasive
plants in their study area to light availability, dispersal mechanism, and disturbance
history of the site. Green et al. (2004) found that the combined effects of low light
levels and herbivory by red crabs reduced the seedling density of a shade-intolerant,
non-native tree species (Clausena excavata) in the interior of a rainforest on Christmas
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Island. The study by Bartuszevige et al. (2006) on the invasion of Lonicera maackii
into woodlots in Ohio showed a negative relationship between total tree basal area in
the woodlot and the density of L. maackii. The authors hypothesized that this
relationship could be a result of greater amounts of leaf litter suppressing seed
germination and seedling survival, and may also be tied to site disturbance history.
They did not think that light availability was as important as other variables in
determining L. maackii density.
I investigated the patchy but dense populations of Euonymus alatus reported by
Perron (2004a, 2004b) in southeastern New Hampshire. These populations occur
under intact mid-successional forest canopies. The overall goal of my proposed
research was to determine if the study populations of E. alatus represented an
incipient invasion, with current distribution determined by chance dispersal, or were
constrained and prevented from expanding by inadequate resources or unsuitable
conditions in the surrounding forest. Toward this end, my specific objective was to
test the hypotheses that:
1) populations of E. alatus are all-aged and sexually reproductive
2) presence and persistence of E. alatus are associated with high understory
light levels, high levels of soil nutrients, and with low abundance of other
woody plants.
The results of this study will provide information that may enhance
management of this widespread but largely unstudied invasive shrub. If my results
indicate few constraints to the spread of this species, the implication is that E. alatus
could become a major component of forest ecosystems in the northeastern US. In
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contrast, if existing populations are limited to particular habitats, those areas can be
prioritized in control efforts, perhaps limiting further spread and reducing cost of
control.
In this thesis I first describe the height and age structure and reproductive
status of four E. alatus populations using random sampling. Next, I define E. alatus
success at the scale of a 4 m2 plot using the concept of “status class”. Equal numbers
of plots are randomly chosen in each of six status classes. Finally, status class is
related to understory light levels, soil nutrients, and surrounding vegetation, which
were measured in each plot.
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CHAPTER II - METHODS

Study Sites
Forested areas in Durham, NH were assessed for possible Euonymus alatus
study populations using information from several sources. Potential sites were
identified from a biophysical study of forested lands owned by the University of New
Hampshire that included the locations of invasive plants (Perron, 2004a, 2004b),
from a regional invasive plants mapping project (WIMS, 2007), and through
consultation with local field ecologists. Four sites met the following criteria: the
presence of at least 100 Euonymus alatus plants, including some > 2 m tall; and
location within closed-canopy forest that had not been disturbed in at least 30 years.
The resulting four sites, MacDonald Lot (MD), Mill Road (MR), Thompson Farm
(TF), and West College Woods (WCW), were all located on University of New
Hampshire land in forests grown up from agricultural land first cleared by settlers in
the 1620s and abandoned after 1850 (Howard and Lee, 2002). Although records of
the management activities on the sites are incomplete, none of the sites, now
managed by the UNH Office of Woodlands and Natural Areas, have experienced
timber harvesting since the early 1980s (UNH Office of Woodlands and Natural
Areas, records). Eastern white pine (Pinus strobus L.) occurred in the forest canopies
at all sites, with the subcanopy and understory comprised of mixed hardwoods: red
oak (Quercus rubra L.), red and sugar maples (Acer rubrum L. and A. saccharum
Marshall.), black cherry (Prunus serotina L.), and shagbark hickory [Carya ovata (Mill.)
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K. Koch]. All four sites were located on Hollis-Charlton soils derived from glacial
till; these are well-drained, very rocky, fine sandy loams. The slope at all four sites
was < 5%.
The forest at the MD site (43.1175 N; 70.9294 W) was approximately 60-80
years old in the younger area and 142 years old in the older area (Howard, 1999).
MD experienced light timber harvesting in 1979 related to the establishment of a new
trail. In 1980 and again in 1982, some pruning and thinning of white pine occurred
but the amount is unknown (Perron, 2004a). The M R site (43.1308 N; 70.9439 W)
was originally called Teeri Field, and aerial photos show that it was maintained as an
open area until abandonment ca. 1954 (UNH Office of Woodlands and Natural
Areas, records). The stand is approximately 50 years old. There is a cellar hole about
50 m west of the perimeter of my site. TF (43.1078 N; 70.9553 W) was still crop- and
pasture-land in 1900 (Perron, 2004b). Stand age is approximately 60 years old.
W CW (43.1336 N; 70.9494 W) is part of the 131 ha forest called College Woods. It
was located about 50 m north of the Oyster River on farmland abandoned ca. 1900
(Howard and Lee, 2002). The site itself was bounded on the west by a stone wall and
by trails on the south and north. Stand age was approximately 90 years old.
At each site, a perimeter was approximated by walking the edges of the E.
alatus population and visually determining the point at which the density of E. alatus
seedlings (< 0.25 m tall) thinned to approximately one plant per 20 m2 or less. A
rectangular grid with 2 x 2 m cells was superimposed over the E. alatus population
and a baseline was established along the compass bearing that evenly bisected the
rectangle parallel to one axis (Figure 1). The exact dimensions at each site depended
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on the size and shape of the E. alatus population. Grid areas for each site were: MD
0.49 ha, MR 0.16 ha, TF 0.21 ha, and W CW 0.20 ha.
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Figure 1. The general setup of the grid of 2 x 2 m plots established at each of four
forested Euonymus alatus study sites in Durham, NH. The polygons represent
Euonymus alatus plants of various sizes.
Characterization of Euonvmus alatus Population Density and Size Structure
To characterize the population of E. alatus at each site, at least 20, 2 x 2 m
plots on either side of the baseline were chosen randomly. At two sites, the
configuration of the population allowed the placement of additional plots. This
resulted in 42 plots at MD, 41 plots at MR, and 40 plots each at both TF and WCW.
In each plot, the number of E. alatus stems was tallied by height class. For simplicity,
E. alatus height classes are henceforth abbreviated as follows:
Height class (m)
0
> 0, < 0.25
>0.25, <0.50
>0.50, <1.00
> 1.00 , < 2.00
> 2.00

Abbreviation (m)
0
0.25
0.50
1.00
2.00
> 2.00
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In plots with high E. alatus seedling density, I counted only a subsample of the plants
< 0.50 m tall by tallying stems within a 200 cm x 25 cm quadrat (0.5 m2) aligned
along the diagonal of the 2 x 2 m plot (Figure 2).

2m
Figure 2. The setup of the 200 cm x 25 cm (0.5 m2) grid used to subsample the
density of Euonymus alatus stems < 0.50 m tall in a 4 m2 plot.
Stem Height and Stem Age
The height of the tallest E. alatus stem in each plot was recorded, then the
stem was cut and a section that included the base was returned to the lab and airdried for further analysis. On smaller stems, the basal edge was cut cleanly with a
razor. Thicker stems were sanded with progressively finer grit sandpaper (final grit =
600) then stained in Red Rose™ black tea for ~ 30 minutes. After the stems had
dried, age was estimated using wood ring counts. The relationship between stem
height and stem age was analyzed using linear least squares regression.

Definition of E. alatus Status Class and Its Relationship to
Variables

E n v ir o n m e n ta l

Given that one objective of the study was to relate E. alatus success to various
environmental factors, some measure of E. alatus success was required. Plant size or
reproductive state (e.g., fruiting or not) were possible measures. It was also important
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to have a broad range of E. alatus success levels at each site. To accomplish, this I
defined E.alatus “status class” of each plot based on the maximum height of E. alatus
in the plot (maximum E. alatus height is later shown to be positively correlated with
E. alatus density and reproductive state; see Results).
Based on the height of the tallest E. alatus individual in each plot, each of the
40+ plots at each site was assigned to a “status class” (status classes used the same
height class definitions as described above). Five plots were randomly selected from
each status class. If fewer than five plots were represented in a status class, additional
plots in that class were found by searching the entire grid for plots in the class and
then randomly selecting the needed number from these. The final 30 plots, five per
status class, were used in all subsequent data collection and analyses, described
below.
Light Measurements and Data Analysis
Hemispheric digital photographs of the canopy were used to estimate the
amount of light [measured as % of photosynthetically active radiation (PAR)
reaching each 2 x 2 m plot]. All E, alatus vegetation in and around the plot was
cleared away prior to photography so that it would not interfere with the light
estimates. A Nikon CoolPix 950 digital camera (Nikon Corporation, Tokyo, Japan)
equipped with a fish-eye lens (Nikon fisheye converter FC-E8, Nikon Corporation,
Tokyo, Japan) was mounted on a tripod 1 m above the ground, oriented towards
true north, and leveled. Two sets of three exposures each were taken in each plot at
distances of about 1/3 and 2/3 along one of the plot diagonals. The photographs
were analyzed using Gap Light Analyzer (GLA) software (Frazer et al., 1999) after
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first identifying the photograph in each set that exhibited the greatest contrast
between “sky” and “non-sky” pixels. Thus, a total of two photographs per plot were
analyzed. Photographs from four plots at the MD site were not analyzed because all
exposures were too dark.
GLA estimated % transmitted direct PAR, % transmitted diffuse PAR, and %
transmitted total PAR for each photograph. Values for the two photographs per plot
were averaged. Means were arcsine square-root transformed and then compared
among the six E. alatus status classes and across the four sites using a two-way
analysis of variance (ANOVA).
Soil Collection and Data Analysis
Soil samples from the upper B horizon (10-20 cm below the soil surface) were
collected from the center of and inside the four comers of each 2 x 2 m plot. The five
samples were bulked by plot, air dried, and tested for available calcium, magnesium,
phosphoms, potassium, sulfur, iron, copper, manganese, zinc, pH, and proportions
of sand, clay, and total nitrogen (organic + inorganic) by the Agricultural Analytical
Services Laboratory (Pennsylvania State University, University Park, PA, USA).
Proportions of sand, clay, and total nitrogen were arcsine square-root transformed.
All other variables except pH were logio transformed.
The large number of soil variables made the assessment of a relationship
between soil and E. alatus height class cumbersome. Consequently, I used a centered,
non-rotated Principal Components Analysis (PCA) to reduce the number of and
correlation between variables. PCA was run on SYSTAT 13 for Windows (SYSTAT
Software Inc., 2009).
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Depth to Rock and Data Analysis
Soil depth was measured as “depth to rock” using a graduated steel rod
hammered into the ground in the four comers of each plot until it struck rock or until
the soil depth exceeded the length of the rod (Worrall and Harrington, 1988). Depth
to rock was estimated to the nearest 5 cm unless the soil depth exceeded the length of
the calibrations, in which case the depth was recorded as 60 cm. The four depth
estimates were averaged for each plot. The raw soil depths were then adjusted to
remove the effect of site and analyzed across E. alatus height classes using a KruskalWallis one-way ANOVA.
Vegetation Sampling and Data Analysis
Vegetation was sampled in the 2 x 2 m plots and in three nested circular plots
that shared the same center as the 2 x 2 m plot. To estimate the percent of ground
covered by live vegetation < 1 m tall, a meter tape was run between two diagonal
comers of each 2 x 2 m plot. The portion of the tape intersected or covered by
vegetation was calculated as a proportion of the total length of the transect.
Individual woody plants 1.0-2.0 m in height were tallied by species for each 2 x 2 m
plot. Abundance of taller woody plants were assessed in a set of three circular plots,
3,5, and 7 m in radius and sharing a common center with the 2 x 2 m plot.
Individual woody plants > 2 m tall but < 4 cm dbh (diameter at breast height, ~ 1.4
m) (shrubs/saplings) were tallied by species within the 3 m radius circular plot.
Woody plants > 2 m tall and with dbh > 4.0 but < 10.0 cm (small trees), and
occurring within the 5 m radius plot, were tallied and their dbh measured. Finally, all
trees > 10.0 cm dbh (trees) and within the 7 m radius plot were also tallied and dbh
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measured. Trees with forked trunks were measured as a single tree if the fork
occurred higher than breast height, and as separate trees if the fork was below breast
height.
Five vegetation variables were calculated for each set of nested plots:
1) percent cover of vegetation < 1 m tall
2) density (# stems ha'1) of woody stems 1-2 m tall
3) density of woody plants > 2 m tall and < 4 cm dbh
4) basal area (m2 ha'1) of trees > 4 but < 10 cm dbh
5) basal area of trees > 10 cm dbh
Due to low densities in classes 2 and 3 (woody plants 1-2 m tall and woody plants >
2 m tall with < 4 cm dbh), these classes were combined into a new variable,
“shrubs/saplings”, defined as woody stems > 1 m tall and < 4 cm dbh (measured as
# stems ha'1). The two classes of trees (classes 4 and 5) were also combined into one
category, “basal area of all trees” (i.e., BA of all woody stems > 4 cm dbh) and
expressed as m2 ha"1. Finally, separate densities and basal areas were calculated for
shade tolerant tree species. Shade tolerant species encountered in this study were
American basswood ( Tilia americana L.), American beech (Fagus grandifolia Ehrh.),
musclewood (Carpinus caroliniana Walt.), eastern hophombeam [Ostrya virginiana
(Mill.) K. Koch], sugar maple (Acersaccharum Marsh), balsam fir [Abies balsamea (L.)
Mill], and eastern hemlock [Tsuga canadensis (L.) Carriere] (Harlow and Harrar,
1991).
The percent cover data (as proportions) were arcsine square-root transformed
and analyzed across status classes using a one-way ANOVA. The data for all
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shrubs/saplings combined [# stems (> 1 m tall and < 4 cm dbh)*ha '] were logio
(stems*ha ' + 354) transformed and analyzed across status classes with ANOVA.
ANOVAs were also performed on square-root transformed basal areas of all small
trees, all shade tolerant small trees, and the ratio of shade tolerant small trees to all
small trees. The data for the large trees and the small and large trees combined were
transformed and analyzed in the same way. Finally, the transformed basal areas of
large trees and small trees were the dependent variables in a MANOVA. This
analyzed the effects of the independent variables site, status class, and the site*status
class interaction.
Stem Height and Reproductive Status
In a separate procedure at each site, E. alatus plants in four height classes were
measured for height and reproductive status. The latter was determined by the
presence or absence of fruit. At each site, I measured 8-15 plants (depending on
availability) in each of the following height classes: < 0.25 m, > 0.25 to < 1.0 m, >
1.0 to < 2 m, and > 2 m. Parallel transects 10 m apart were established across each
site. One point was selected randomly within each 10 m transect segment, and the E.
alatus plant nearest to that point was sampled. Sampling continued until the required
sample size for each height class was obtained. Using logistic regression,
reproductive status (fruit or no fruit) was regressed on stem height.
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CHAPTER III - RESULTS

Characterization of Euonvmus alatus Populations
Based on estimates from 40-42 randomly placed plots at each site, mean
densities of E. alatus (# stems ha'1) varied across sites (Kruskal-Wallis test statistic =
9.796, d.f. = 3, P = 0.02). MD had the highest total mean density (67,202 stems h a 1),
followed by MR (59,390), TF (41,250), and WCW (27,438) (Table 1). A DwassSteel-Chritchlow-Fligner test for all pairwise comparisons showed that total mean
densities per plot at MR were significantly different from densities at TF (P = 0.03)
and W CW (P = 0.012). The lack of significance of MD is likely due to the high
variance at that site. At every site there were plants in each of the five height classes,
and density declined with height class (Table 1, Figure 3). The mean density of stems
< 0.25 m was at least 50 times greater than the mean density of stems > 2.0 m.

Table 1. Mean densities (# stems ha'1) of Euonymus alatus in each of five height
classes and over all height classes at four forested sites in Durham, NH (estimates are
based on 40-42 randomly placed 4 m2 plots at each site).
mean density of E. alatus (# stems h a 1)

> 0, < 0.25

MacDonald Lot
(m=42 plots)
61250

Mill Road
(«=41plots)
44756

Thompson Farm
(w=40 plots)
27938

West College Woods
(n=40 plots)
21438

>0.25, <0.50

3750

8841

10000

4313

>0.50, <1.00

1488

3476

2125

1250

> 1.00, <2.00

357

1524

1125

250

> 2.00 m

357

793

63

188

total mean density

67202

59390

41250

27438

Height range
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6
ab

5

a

■ MD
BMR
■ TF
□WCW

<0.25

0.25-0.50

0.5-1.0

1.0-2.0

>2.0

total density

height class (m)

Figure 3. Mean logi0 density (# stems ha'1) of Euonymus alatus in each of five height
classes, and over all height classes, and the total mean logi0 density at four forested
sites in Durham, NH (estimates are based on 40+ randomly-placed plots at each
site). Total mean densities with the same letters are not significantly different at P<
0.05.
Stem Height and Stem Age
Regression of estimated age (ring count) on height (both variables logi0
transformed), with site as a covariate, revealed that age increased with height at all
sites but that there was a different age-height relationship at each site (Fheight‘site =
4.165; d.f. = 3, 96; P - 0.008; R2= 0.906). At all sites, the relationship was strongly
positive (Figure 4). Using the limits of each height class, I used a simple regression
equation (Appendix A) to estimate the range of plant ages in each height class at
each site (Table 2). Despite the significant site*height class interaction, estimated
ages within a height class varied by only a few years across sites. Over all sites, plants
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< 0.25 m tall were estimated at < 4.5 years old and plants > 2 m were estimated to be
at least 15 years old.
Table 2. Estimated age range (in years) of Euonymus alatus stems in each of five
height classes at four forested sites in Durham, NH (estimates are based on
regression equation relating stem height to wood ring data from > 25 stems per site:
see appendix A for details).
Height class
(m)

MacDonald Lot

Mill Road

Thompson Farm

West College
Woods

<0.25

0-4.47

0-3.12

0-3.78

0-2.97

0.25-0.50

4.47-6.81

3.12-5.50

3.78-6.52

2.97-5.11

0.50-1.00

6.81-10.38

5.50-9.68

6.52-11.22

5.11-8.79

1.00-2.00

10.38-15.80

9.68-17.06

11.22-19.32

8.79-15.11

>2.00

> 15.80

> 17.06

> 19.32

> 15.11

$
■
▲
O

*>2>
<u
•o
B 0.6
QJ
W>
O

MD
MR
TF
WCW
Linear (MD)
Linear (MR)
Linear (TF)
Linear (WCW)

oO■
1.5

2

2.5

log stem height (cm)

Figure 4. Relationship between Euonymus alatus stem height (cm) and estimated stem
age (yrs) from wood ring counts of 103 plants from four forested sites in Durham,
NH (shown on logi0 scale).
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Definition of Status Classes
To examine the relationship between E. alatus success and physical factors, I
established six E. alatus status classes (see Methods). While the status classes were
based on the presence of E. alatus and, when present, the height of the tallest
individual in each plot, these classes were also characterized by differences in total E.
alatus density and densities of particular size classes.
At each site, data from 30 plots (five per status class) were used to calculate
the mean densities of E. alatus (# stems m'2) by status class. Across sites, status
classes defined by the presence of taller plants generally had greater densities of
smaller stems than status classes defined by shorter stems (Table 3).
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Table 3. Number of Euonymus alatus stems per 4 m2 plot, presented by site, status
class at each site, and height class within status class, where n - 5 plots per status
class. For example, over all plots of status class V at MD there was a mean of 1.05
stems 0.25-0.50 m tall. Status class I represents plots with no E. alatus and is not
included in the table. Data are from four forested sites in Durham, NH.
MacDonald Lot (MD) status classes
Stem height

II

III

IV

V

VI

< 0.25 m
0.25-0.50 m
0.5-1.0 m
1.0-2.0 m
> 2.0 m

0.45

1.1
0.35

0.5
0.2
0.25

4.3
1.05
0.4
0.35

77.55
3.65
0.9
0.2
0.55

total density =

0.45

1.45

0.95

6.1

82.85

Mill Road (MR) status classes
Stem height

II

III

IV

V

VI

< 0.25 m
0.25-0.50 m
0.5-1.0 m
1.0-2.0 m
> 2.0 m

0.6

3.65
0.5

5.35
1.55
0.65

4.55
0.65
0.3
0.45

12.9
2.1
1.1
0.55
0.5

total density =

0.6

4.15

7.55

5.95

17.15

Thompson Farm (TF) status classes
Stem height

II

III

IV

V

VI

< 0.25 m
0.25-0.50 m
0.5-1.0 m
1.0-2.0 m
> 2.0 m

0.45

0.75
0.4

1.2
0.8
0.35

12.55
4.6
0.9
0.6

42.55
7.3
0.6
0.4
0.3

total density =

0.45

1.15

2.35

18.65

51.15

West College Woods (WCW) status classes
Stem height

II

III

IV

V

VI

< 0.25 m
0.25-0.50 m
0.5-1.0 m
1.0-2.0 m
> 2.0 m

0.75

2.45
0.65

11.55
1.95
0.6

1.85
0.65
0.2
0.4

2
0.6
0.6
0.35
0.25

total density =

0.75

3.1

14.1

3.1

3.8
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Relationship of Status Classes to Environmental Variables
Photosvntheticallv Active Radiation (PAR)
Two-way ANOVA on the estimates of total transmitted photosynthetically
active radiation (PAR) showed significant variation across the four sites (F3,92 =
5.578, PSite = 0.001) and among the six E. alatus status classes (F5i92 = 5.784, Psatm <
0.001). The interaction between site and status class was not significant (Fi5,92 =
0.916, Psite*status = 0.549). MD had a mean of 8.6% total transmitted PAR over all
height classes, the highest of the four sites. WCW had the lowest mean, 7.1%, and
the means at the two remaining sites were intermediate, 7.6% at MR and 7.7% at TF.
Total transmitted PAR generally increased with E. alatus status class (Figure 5). Plots
with no E. alatus stems (status class I) had the lowest mean, 6.5%. Plots containing E.
alatus plants in status class II had a mean of 7.3% whereas plots in larger classes
ranged from 7.7% to 8.7% total transmitted PAR. The pairwise comparison matrix
and corresponding F-values calculated using Tukey’s Honestly-Significant-Difference
(HSD) test showed that, of the 15 paired status class comparisons, four showed
significant differences (MSE=0.001, d.f.=92). Status class I differed from class II (F =
0.018), class V (F = 0.003), and class VI (F < 0.001), and class III differed from class
VI (F = 0.028) (Figure 5).
The two-way ANOVA of the transmitted direct PAR yielded results similar to
those of the transmitted total PAR. Site and status class were again significant (F3,92 =
5.491, FSite = 0.002 and F5,92 = 3.980, Fstatl,s = 0.003), while the site*status class
interaction was not (F i5,92 = 1.596, Fsite*status = 0.09). As was the pattern with
transmitted total PAR, MD had the greatest mean (9.8%) and W CW the lowest
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(7.7%). The pattern of transmitted direct PAR across the six status classes was also
similar to that of the transmitted total PAR. The plots with no E. alatus had the
lowest mean, 6.8%. The plots with stems in class II had a mean of 7.8%, and the
means of the plots with larger stems ranged from 8.3% to 9.3%. The Tukey’s HSD
test of transmitted direct PAR (MSE = 0.001, d.f. = 92) determined that the plots in
the E. alatus-absent status class differed significantly from plots in both class V (P =
0.006) and class VI (P= 0.003).

12

R2 = 0.393
P< 0.001

10
"3
x -i

8

P.

a

III

IV

status class
Figure 5. Mean % transmitted total photosynthetically active radiation (PAR)
reaching 1 m above the ground in each of six status classes of Euonymus alatus.
Shown with standard deviations. Status classes with the same letters are not
significantly different at P< 0.05. Relationship is based on data from 30 plots per site
at four forested sites in Durham, NH.
Soil Variables
Principal components analysis (PCA) of the soil variables generated thirteen
axes. Axes with Eigenvalues < 1.00 were excluded (Kent & Coker, 1992),
eliminating nine. The remaining four axes were included in all subsequent analyses.
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The total variance explained by the four components was 73.8%, with 34.5% on axis
1, 15.2% on axis 2, 14.1% on axis 3, and 10% on axis 4. The first axis was related to
soil fertility and was positively loaded with % clay and the cations Ca, Mg, and K,
and negatively so with P, S, and % sand (Table 4). The second axis was positively
associated with the metals Fe and Mn and negatively with soil pH (Table 4). The
third axis was negatively loaded for the heavy metals Cu and Zn (Table 4). The
fourth axis was positively related to Ca but negatively loaded for % total N (Table 4).
Table 4. Results of centered, non-rotated, principal components analysis (PCA),
showing loadings of 13 soil variables on four component axes. Values >_0.55 are
bolded. Data are from 30 plots per site at four forested Euonymus alatus sites in
Durham, NH.
soil variables
Ca
Mg
P
K
S
Fe
Cu
Mn
Zn
pH
% Sand
% Clay
% total N

1
0.649
0.826
-

0.683
0.708

-

0.864

0.455
0.091
0.495
-0.082
0.511
- 0.678
0.691
-0.003

PCA axes
2
3
0.168
0.347
0.111
0.176
0.214
0.71
-0.035
0.546
0.473
- 0.679
0.31
-0.365
0.151

0.197
0.049
-0.153
0.256
0.039
0.266
- 0.898
-0.268
- 0.699
0.095
0.43
-0.204
0.17

4
0.6

0.284
0.086
-0.171
-0.106
-0.16
0.192
-0.14
0.047
0.232
0.272
-0.496
- 0.595

The four components were the dependent variables in a two-way multivariate
analysis of variance (MANOVA), in which plot scores on each component were
tested against two independent variables, site and E. alatus status class, and a
site*status class interaction. Three multivariate test statistics were calculated for each

26

two-way MANOVA: Wilks’s Lambda, Pillai’s Trace, and Hotelling-Lawley Trace. I
chose to report the results of Pillai’s Trace as it is generally accepted to be the best for
general use and the most robust for any variations from the general assumptions of
MANOVA (Bray and Maxwell, 1985; Zar, 1999; Gotelli and Ellison, 2004). In all of
the analyses, the results of the three test statistics were in agreement. Site (Pillai’s
Trace = 2.06, Fut2iS = 52.147, P5ite < 0.001), status class (Pillai’s Trace = 0.55, F 2o,384 =
3.053, PStams < 0.001), and site*status class interaction (Pillai’s Trace = 0.75, p 6o,384 =
1.473, PSite*status = 0.017) were significant for all four components.
Univariate ANOVA was conducted on each of the four components, with
site, status class, and the site*status class interaction as independent variables. For
components 2 and 3, site was the only significant predictor of differences in soil
variables (P< 0.001 for both). Component 1 (Fi5,96 = 2.069, iWstatus = 0.018) and
component 4 (Fi5t96 = 2.012, PSite*sutus = 0.022) had significant site*status class
interactions. The site*status class interaction indicated that sites differed in the
relationship between axis scores and status class. Consequently, for components 2
and 3 ,1 examined graphs of least squares (LS) means of axis scores versus status
class for each site. For both components, these relationships showed no consistent
patterns across sites.
Two-way ANOVAs were run on each of the 13 individual soil variables
(Table 5). Available soil Mn was not related to site, status class, nor site*status class
interaction. Site was a significant predictor of all other soil variables, and was the
only significant predictor of available Ca, K, S, Cu, Zn, and soil pH (Psite < 0.001 for
all). For % total N, site (FX96 = 8.284, Psite < 0.001) and status class (F5,% = 44.053,
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Status < 0.001) were significant but not the site*status class interaction. A graph of
back-transformed LS means of % total N versus E. alatus status classes showed a
trend of diminishing % total N with increasing E. alatus height. A Tukey’s HSD test
on the LS means revealed three distinct groups within the status classes, each
differing significantly in the amount of % total N (MSE = 0.000, d.f. = 96). The plots
where E. alatus was absent had the greatest % total N and the plots in the higher
status classes and with the largest E. alatus plants (1-2 m and > 2 m) had the least.
The three intermediate status classes fell between the two extremes (Figure 6).

Table 5. Results of two-way ANOVAs on each of 13 individual soil variables. NS
indicates not significant at P< 0.05. Data are from 30 plots per site at four forested
Euonymus alatus sites in Durham, NH.
Soil
variable
Ca
Mg
P
K
S
Fe
Cu
Mn
Zn
PH
% sand
% clay
% total N

Site
F-ratio
23.230
16.240
54.866
20.269
34.018
22.296
117.110
0.088
18.715
77.991
31.154
48.929
8.284

P
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
NS
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001

Status class
F-ratio
P
0.065
NS
0.386
NS
2.117
NS
0.514
NS
1.572
NS
0.582
NS
0.694
NS
0.909
NS
1.873
NS
0.659
NS
0.973
NS
2.055
NS
44.053
< 0.001
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Site*Status class
F-ratio
P
1.242
NS
1.972
0.025
1.774
0.050
0.997
NS
0.875
NS
2.344
0.007
1.753
NS
1.413
NS
0.828
NS
1.184
NS
2.438
0.005
1.823
0.042
1.701
NS

0.40
R2 = 0.738
P< 0.001

0.35
cu 0.30
u 0.25
c
ra 0.20
o
V)

3O 0.15
M

V ?
0 s-

0.10
0.05
0.00
III
IV
status class

Figure 6. Percent total soil nitrogen in each of six status classes of Euonymus alatus at
four forested sites in Durham, NH. Percentages were back-transformed least squares
means, and are shown with standard deviations. Status classes with different letters
are significantly different at P< 0.05
The site*status class interaction was the significant predictor of available Mg
(■ ^ 1 5 ,9 6 site'statu s “

1.972, P ,ite*status = 0.025), P (F1S,96 site*status —1.774, P site*status —0.050), Fe

(F 5,9 6 site*statu$

2.344, -fsite*status

0.007), % sand

^

‘ status

—2 *438, -fsite*status

0.005

), and % clay (Fs,96 s>te*status = 1.823, Fite*staws = 0.042). However, graphs of LS means
of each of these five variables versus E. alatus status class at each site showed no
consistent pattern across sites.
Depth to Rock
The soil depth data, normalized to remove the effect of site (see Methods),
were analyzed across the six E. alatus status classes using a Kruskal-Wallis one-way
ANOVA. The Kruskal-Wallis test statistic was 5.945 (d.f. = 5), with P = 0.312,
suggesting no relationship existed between soil depth and E. alatus height class.
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Vegetation
The four study sites differed in the total mean basal area per hectare and in
the species of trees that dominated the canopy and subcanopy (Table 6). Both MD
and WCW had the greatest basal areas (43.78 m2 ha'1and 43.93 m2 ha'1respectively),
with eastern white pine the dominant species at both sites (34.99 m2 ha'1at MD and
33.45 m2 ha'1at WCW) followed by northern red oak and shagbark hickory at MD
and black cherry and northern red oak at WCW. Forests at M R and TF were
younger, mixed-hardwood-white pine forests with less total basal area per hectare
(26.37 m2 ha'1at MR and 29.80 m2 ha'1at TF). Red oak (17.41 m2 ha'1) and white
pine (7.06 m2 ha'1) dominated at MR, while at TF the basal area was more evenly
distributed between sugar maple (9.00 m2 ha'1), red maple (6.49 m2 ha'1), black cherry
(4.62 m2 ha'1), and white pine (5.71 m2 ha'1).

30

Table 6. Mean basal area (m2 ha'1) by tree species, based on all trees > 10 cm dbh at
each of four forested sites of Euonymus alatus in Durham, NH. Measurements taken
from 30, 7 m radius plots at each site, and are shown with standard deviations.
Tree species
Eastern white pine
Northern red oak
Black cherry
Sugar maple
Red maple
Shagbark hickory
Eastern red cedar
Black oak
Quaking aspen
Black birch
Red pine
American beech
White ash
Basswood
American elm
Eastern hemlock
All other species
Total (all species)

MacDonald Lot

Mill Road

34.99 ± 18.76
2.33 ± 5.29
0.43 1 0.99
0.30 ± 0.98
0.47 ± 1.15
2.82 ± 6.81
0.09 ± 0.48
0.78 ± 2.59
0
0.72 ± 1.90
0
0
0.04 ±0.17
0.5512.10
0.16 ±0.58
0
0.10
43.78 ± 14.96

7.06 ± 9.62
17.41 ±9.01
0.68 ± 1.33
0
0.20 ± 0.75
0
0.1410.34
0
0
0
0.86 ± 2.67
0
0.0210.11
0
0
0
0
26.37 ± 10.28

Thompson
Farm
5.71 ± 8.94
0.23 ± 1.23
4.6214.16
9.00 1 7.84
6.49 1 7.63
0.0210.12
0.831 1.51
1.1413.05
1.5614.06
0
0
0
0
0
0.07 1 0.30
0
0.14
29.80 1 10.50

West College
Woods
33.45 1 23.72
1.5613.69
4.1415.51
0.1810.56
0.08 1 0.21
1.1413.06
1.391 1.92
0
0
0.41 1 0.65
0
0.771 1.18
0.59 1 0.99
0
0
0.21 1 0.43
0
43.93 1 20.84

The univariate ANOVAs performed on the % cover of ground layer
vegetation (plants < 1 m tall) showed that the four sites differed significantly from
each other (Table 7), with WCW having greater cover than the other three sites
(19.4% vs. < 11.8%). E. alatus status class was also a significant predictor of % ground
cover (Table 7). The plots without E. alatus (status class I) had less cover than the
plots with E. alatus present (3.6% vs. > 10.5%). Of those plots with E. alatus present,
there was no pattern of % cover with increasing status class (Figure 7).
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Figure 7. Percent cover (stems ha'1) of all ground layer vegetation (< 1 m tall) in six
Euonymus alatus status classes. Data are from 30 plots at each of four forested sites in
Durham, NH. Percentages were calculated from back-transformed least squares
means, and are shown with standard deviations.
The ANOVA of shrub/sapling density (number of woody stems ha'1that were
> l m tall and < 4 cm dbh) on site and status class showed a significant site*status
class interaction (Table 7). There was no consistent pattern between sapling density
and status across sites. MD, MR, and W CW all showed a weak trend of fewer stems
h a 1in plots with smaller E. alatus but, for TF, that trend was reversed.
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Table 7. Results of two-way ANOVAs of abundance of forest vegetation on site, Euonymus alatus status class, and site*status
class interaction. Data from 120 plots at four forested sites in Durham NH. P-values significant at P< 0.05 are bolded.

Trans-form

F-ratio

SITE
d.f.

P

Arcsin
SQRT

11.225

3,96

<0.001

4.263

5,96

0.002

1.765

15,96

0.051

log10(stems
h a 1+ 354)

14.377

3,96

<0.001

2.949

5,96

0.016

2.379

15,96

0.006

basal area of small trees

SQRT dbh

9.837

3,96

<0.001

0.918

5,96

0.473

0.784

15,96

0.693

basal area of shade tolerant small trees

SQRT dbh

21.514

3,96

<0.001

2.24

5, 96

0.056

0.798

15,96

0.677

% small tree basal area due to
shade tolerant small trees

Arcsin
SQRT

18.644

3,96

<0.001

2.526

5, 96

0.034

0.578

15, 96

0.885

basal area of large trees

SQRT dbh

11.717

3,96

<0.001

0.444

5,96

0.817

1.345

15,96

0.191

basal area of shade tolerant large trees

SQRT dbh

50.772

3,96

<0.001

0.757

5,96

0.583

1.273

15,96

0.234

% large tree basal area due to
shade tolerant large trees

Arcsin
SQRT

47.488

3,96

<0.001

1.668

5,96

0.158

1.648

15,96

0.075

Dependent Variable
PLANTS < 1 m tall: % cover
SHRUBS/SAPLINGS (> 1 m tall, < 4 cm
dbh): density

STATUS CLASS
F-ratio
d.f.
P

SITE*STATUS CLASS
F-ratio
d.f.
P

SMALL TREES (> 4 and < 10 cm dbh)

LARGE TREES (> 10 cm dbh)

Analysis of the basal area (m2ha'1) of small trees (4-10 cm dbh) showed that,
when the basal area of all species was examined together, only site was significant
(Table 7). When only the basal area of shade tolerant species was analyzed, however,
site remained significant but status class, though marginally significant (Table 7),
showed a trend in which increasing E. alatus status class was associated with less
basal area of shade tolerant trees (Figure 8).
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Figure 8. Relationship between the basal area (m2 ha'1) of shade tolerant small trees
(4-10 cm dbh) in six Euonymus alatus status classes from four forested sites in
Durham, NH. Basal areas are back-transformed least squares means, and are shown
with standard deviations.
When the basal area of small shade tolerant trees was analyzed as a
proportion of the basal area of all small trees, it was significant for both site and
status class (Table 7). Though there was high heterogeneity among status classes,
overall, the proportion of the basal area of small trees that was shade tolerant
declined as E. alatus status class increased (Figure 9). The Tukey’s HSD test of the
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proportion of shade tolerant small trees (MSE = 0.272, d.f. = 96) revealed that the
only status classes that were significantly different from one another were III and V
(P =0.024).

o

120

R2= 0.446
P= 0.034

II

IV

III

V

VI

status class

Figure 9. Relationship between the proportion of the basal area (m2 ha'1) of small (410 cm dbh) shade tolerant trees to the basal area of all small trees to six status classes
of Euonymus alatus at four forested sites in Durham, NH. Ratios are backtransformed least squares means and are shown with standard deviations. Status
classes with different letters are significandy different at P< 0.05
Analysis of the basal area (m2 ha'1) of large trees (> 10 cm dbh) in relation to
site and status class showed that, when all species were combined, only site was
significant (Table 7). The highest total basal area of all large trees was found at MD
(42.4 m2 h a 1) and WCW (41.6 m2ha'1). TF (28.9 m2 ha'1) and MR (25.2 m2h a ') had
the lowest total basal area of large trees.
When shade tolerant large trees were analyzed separately from all large trees,
site was also the only significant predictor of the basal area of large shade tolerant
trees, a result that was also true for the proportion of large tree basal area due to
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shade tolerant species (Table 7). TF had both the largest total basal area of shade
tolerant large trees (7.0 m2 ha'1) and the greatest proportion of large tree basal area
that was shade tolerant (30.2%). MR, in contrast, had no shade tolerant species of
large trees. Shade tolerant species were present in low abundances at both MD (0.2
m2 ha'1) and W CW (0.7 m2 ha'1), comprising just 0.7% of all large trees at MD and
only 2% at WCW.
I attempted to run an ANOVA on the proportion of all trees > 4 cm dbh
(including trees that were both 4-10 cm and > 10 cm dbh) that were shade tolerant to
look for patterns with site or status class. In all cases, the variances were not
homogenous, so I divided each observation by the mean of each site to remove the
effect of site, then ran a one-way ANOVA and a Kruskal-Wallis test on the
transformed data. The results showed no significant effect of the proportion of all
trees that were shade tolerant on status class.
The MANOVA of the basal areas of small trees and large trees was significant
for the effect of site (Pillai’s Trace = 0.638, F6A92 = 14.98, Pslte < 0.001) but not for
status class (Pillai’s Trace = 0.134,7 %,192 = 1.379, Pstaws = 0.192) or the site*status
class interaction (Pillai’s Trace = 0.261, F30<192 = 0.962, PSite*status = 0.528). Univariate
F-tests of the basal areas of small trees and large trees were significant for site, but
status class was only significant for all small trees (F5,96 = 2.43, FStatus = 0.041).
Site*status class interaction was not significant.
The MANOVA of the basal areas of shade-tolerant small trees and large trees
was significant for site (Pillai’s Trace = 0.909, F 6i192 = 26.661, Fsite < 0.001) but not for
status class (Pillai’s trace = 0.141, Fi0,i92 = 1.45, F status = 0.159) or the site*status class
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interaction (Pillai’s trace = 0.275, F 3o,i92 = 1.021, PSite*stams = 0.443). Univariate F-tests
of the basal areas of shade-tolerant small trees and large trees showed a significant
site effect (Fsite < 0.001 for both), but status class effects were only marginally
significant and then only for shade-tolerant small trees (F 5j96 = 2.240, Fstatus = 0.056).
The site*status class interaction was not significant.
The MANOVA of the proportions of all trees that were shade-tolerant was
significant for site (Pillai’s Trace = 0.816, F6,i92 = 22.061, Fsite < 0.001) and status
class (Pillai’s Trace = 0.193, Fm92 = 2.057, Fstatus = 0.03) but not for the site*status
class interaction (Pillai’s Trace = 0.280, F3(U92 = 1.042, FSite*status = 0.414). Univariate
F-tests showed a significant site effect for both small (F3i96 = 18.644, Fsite < 0.001) and
large (F3i96 = 47.488, Fsite < 0.001) trees and, for small trees, a significant effect of
status class (F5i96 = 2.53, F statuS = 0.034). The site*status class interaction term was not
significant for small or large trees.

Stem Height and Reproductive Status
Logistic regression of reproduction (presence or absence of fruit) on height
was significant (overall model fit: x2 = 192.3, d.f. = 1, F < 0.001; parameter estimate
for height: Z = -5.347, F < 0.001; Figure 10). When site was added to the model,
overall model fit remained high (x2 = 202.9, d.f. = 7, F < 0.001), but parameter
estimates for site and site*height interaction all had F > 0.398, indicating lack of
significance. Moreover, there was no decrease in AICc (in fact AICc increased by 1.5)
when site was added to the model. Thus, site was ignored in further examination of
the height-reproduction relationship (Figure 5). Only plants > 156 cm in height were
reproductive, and all plants over 270 cm were reproductive (Figure 10). Based on the
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estimated age ranges for each site (Table 2), plants reach reproductive maturity at a
minimum age of nine years. The relationships between height, age, and reproductive
condition, in combination with the mean density by height class of E. alatus at these
sites (Table 2, Figure 10), indicates that reproductive plants were present at all sites.
Indeed, fruits were observed on some plants at each site.
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Figure 10. The height (cm) and reproductive status (fruit present or not) of 239
Euonymus alatus plants from four forested sites in Durham, NH. Plants less than 156
cm tall were not reproductive.
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CHAPTER IV - DISCUSSION AND CONCLUSIONS

Discussion
The populations of Euonymus alatus studied here seemed to be persistent and
possibly expanding beneath the canopies of mid-successional forests. Spread from
these populations, however, may be limited by low light levels perhaps associated
with the amount of cover of shade-tolerant trees.
Several observations support the contention that populations were stable and
perhaps increasing. All four populations were multi-aged, with greater densities of
small, young stems than of larger, older plants. The large numbers of juvenile stems
may have resulted from local seed production (there were reproductive plants at each
site) or vegetative reproduction via root sprouts (Swearingen et al., 2002; personal
observation). Both the type of age structure and the presence of reproductive plants
are typical of populations that are stable or growing (Leak, 1975; Hett and Loucks,
1976), but without knowing the age-specific mortality rates, one cannot infer with
certainty the patterns of population growth or stability. The multi-aged nature of the
populations, however, suggests continuous recruitment over the ca. 15-19 years
between initial establishment and sampling and, as there was no evidence of
disturbance in the canopy in the last 20 years and as these forests range in age from
50 to nearly 150 years, these E. alatus appear to have established and persisted in
forest conditions. At the very least, present population structure at these sites
suggests that E. alatus will persist for a long time at each of them.
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My findings are consistent with results of other studies of invasive woody
plants that are able to establish, recruit, and persist in forest environments. In
describing the spread of Lonicera maackii in forests of Ohio, Deering and Vankat
(1999) found that the age structure exhibited the reverse-/curve often associated with
stable or expanding populations, and that the populations included older,
reproductive plants. They concluded that, after an initial lag phase following its
establishment, L. maackii spread rapidly, facilitated by an increasing number of
reproductively mature individuals. Frangula alnus, another berry-producing,
moderately shade-tolerant invasive shrub, also establishes and spreads under
relatively undisturbed, closed-canopy forests (Wingard, 2006; Cunard and Lee, 2009;
Lee and Thompson, 2011), forming multi-aged populations. Matlack and Schaub
(2011), working in second-growth forests in Ohio, found that that the non-native
plant species able to persist longest under a closed canopy were long-lived, fleshyfruit-producing woody species like Berberis vulgaris. Clearly, Euonymus alatus shares
much with this group of species.
A critical assumption of this study was that status class, based on presence
and height of E. alatus, was related to local (at the scale of the 2 x 2 m plot) success of
E. alatus. My data confirm this assumption, as increasing status class (defined by
maximum stem height) was associated with greater plant density, greater age, and
greater probability of fruit production. Status class was associated with greater age
and greater likelihood of being reproductive at all four sites. Three sites showed a
positive relationship of status class and density, but one site, WCW, was anomalous,
with the highest status classes (V and VI) having low mean densities of smaller plants
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compared to status class IV. This suggests less favorable conditions for smaller stems
in plots in the two higher status classes at this site, conditions that might be the result
of competition from particularly vigorous, taller E. alatus plants.
In addition to the question of population persistence, another question central
to this study was whether or not the four study populations of Euonymus alatus were
capable of spreading under these closed canopy forests. Are physical or biological
variables such as light, edaphic features, or competing vegetation influencing the
status class of E. alatus, or is the pattern of plant location, size, and age due to chance
seed dispersal in the past? This alternative “dispersal” hypothesis says that some
plants are larger and older because they arrived earlier, and they grow where they are
because that is where a seed landed and established. Associated higher densities of
smaller plants are simply a result of seeds from the parent plant dropping and
germinating nearby. By the dispersal hypothesis, existing clumps of E. alatus reflect
recruitment foci, with lateral spread from these sites likely over time.
The PAR data, however, support a deterministic rather than a random
dispersal hypothesis. The relationship of total transmitted PAR to E. alatus status
class showed that where more light was available, E. alatus had greater height and,
therefore, greater age and likelihood of seed-production, as well as generally higher
density. This relationship suggests that E. alatus is more successful in areas of the
forest understory that receive higher levels of PAR, and is less successful in - and
may even be excluded from - areas with low levels of PAR.
Understory levels of PAR are thought to be an important influence on other
woody invasive plants. Cunard and Lee (2009), also working in southern New
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Hampshire, found that low levels of PAR were associated with dead individuals of
glossy buckthorn (Frangula alnus) relative to PAR measured at live plants of the same
cohort. In their study of invasion by Norway maple (Acerplatanoides) into closedcanopy forests in New York and Connecticut, Martin and Marks (2006) found that,
though light levels did not appear to affect where Norway maple seeds could
successfully germinate, more light meant greater survivorship and height growth.
Banasiak and Meiners (2009) showed that in the succession of old fields to forests,
Rosa multiflora populations declined with increasing canopy cover despite an increase
in available habitat (from dying plants), suggesting that low light availability in older
forests inhibits long-term persistence of R. multiflora.
In my study, the difference in PAR between the plots with no E. alatus plants
and the plots with the higher status class was only ~ 2%, leading me to question if
such a comparably small difference would have enough impact to limit invasion by
E. alatus. However, several other studies support the possibility that even small
differences in light availability may indeed impact the success of a species within a
site. In their experimental study in forests in New York, Fang and Wang (2011)
looked at impacts of Acer platanoides invasion on canopy structure and understory
seedling growth of A. platanoides and A. rubrum. They found that a difference of only
two percent of total transmitted PAR had a significant effect on biomass and on
shoot: root ratio. In another study showing that a small difference in PAR may
significantly impact invasion success, Cunard and Lee (2009) found that differences
in total transmitted PAR at dead and live stems of Frangula alnus ranged from as little
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as 1.1% to 5.4%. Both of these studies are consistent with my hypothesis that light
can limit invasion by E. alatus.
Given the relationship between E. alatus status class and PAR, and the ability
of forest vegetation to absorb and reflect PAR, thus competing with E. alatus, I
expected to see a relationship between status class and the abundance of surrounding
vegetation. For the lowest stratum (< 0.25 m), I hypothesized a positive relationship
if E. alatus seedlings and ground-cover vegetation were responding to light levels in
the same way, or a negative relationship if there was competition between E. alatus
and the low vegetation. As plots with no E. alatus had the lowest % and, possibly,
expanding cover of plants < 1 m, it appears that, at these sites, this stratum was
responding in the same way as E. alatus, probably to the low PAR levels. The %
cover of plants < 1 m tall was positively correlated with E. alatus status class, again
suggesting a similar response among the different species. In a separate study and
consistent with my findings, Kelly et al. (2009) found that occurrences of E. alatus in
deciduous forests of southern New England were positively associated with the
amount of ground cover.
A negative relationship between vegetation abundance of other plants and E.
alatus status class might be more likely when other plants are similar in height to or
taller than E. alatus and thus likely competing with it. However, when the density or
basal area of all woody plants > 1 m in height was analyzed without regard to the
shade tolerance of individual tree species, E. alatus status class showed no pattern.
The lack of a negative relationship suggests that either density and basal area are
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poor indices of resource use or that resource competition is not a major factor
influencing status class.
O f course, plant abundance may not correlate perfectly with resource use, as
physiological differences among plants may influence resource use efficiency
independent of plant mass or number. For example, shade tolerant trees cast a more
dense shade than less shade tolerant trees (Pacala et al., 1996). Indeed, when the
basal areas of only shade tolerant species were analyzed, the 4-10 cm dbh stratum
showed a marginally significant negative relationship with status class, pointing to
the possibility of shading effects of these trees, which were largely located in the
subcanopy. The relationship was stronger when basal area of shade tolerant trees was
expressed as a proportion of total basal area. My findings are in line with those of
Cunard and Lee (2009) who found that the basal area of shade tolerant trees in the 410 cm dbh size range had the strongest negative association with the success of
Frangula alms shrubs.
Total nitrogen was the only soil factor to show a pattern across status classes,
with the highest percentage in the plots with no E. alatus plants and the lowest
associated with the larger status classes. As I only measured % total nitrogen, I have
no information about patterns in its inorganic and organic components. The
observed pattern of decreasing N with increasing E alatus status can be interpreted in
two ways: the lower % N in the plots with the most robust plants might be a result of
E. alatus depleting the available N or otherwise modifying soil N pools, or because E.
alatus has a competitive advantage at sites with low N, or because E. alatus, for some
physiological reason, is better adapted to areas with lower N.
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Although I found nitrogen to be the only edaphic variable significantly
associated with E. alatus status class, there is evidence that two variables I did not
measure, soil moisture and organic layer depth, may be important in the
establishment and persistence of E. alatus. For example, in their study of the
distribution and habitat preferences of invasive species in the M ount Holyoke Range,
Massachusetts, Searcy et al. (2006) noted that E. alatus was found in sites with
relatively moister soils. Statistical models developed by Ibaftez et al. (2009) and
based on invasive plant data gathered all over New England showed that under three
different climate change scenarios, E. alatus invasion is predicted to benefit from,
among other things, an increase in annual precipitation and the availability of closedcanopy wetlands. In a study of another known forest invader, Berberis thunbergii,
Lubell and Brand (2011) found that the successful germination, growth, and survival
of two varieties of the shrub in northeastern Connecticut were related to the
composition, quality, and moisture content of forest leaf litter. The same study also
linked successful Berberis thunbergii establishment to light availability and to soil
moisture.
I cannot rule out organic layer depth and soil moisture as factors related to E.
alatus status class, but several things suggest that neither have much effect. Firstly,
organic layer development is generally very poor on my sites, all of which are
abandoned pastures. Organic layer depths on these sites are generally < 4 cm (pers.
obs.). Secondly, despite evidence of the importance of soil moisture in the successful
invasion by E. alatus in other regions, soil moisture may not be limiting at my sites.
All four sites were level or close to level with very little topographic variation. Thus,
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soil moisture should be closely related to soil texture, but soil texture showed no
relation to status class
This study showed that Euonymus alatus is establishing and persisting under
closed-canopy forests in southeastern New Hampshire. Without birth and death
rates, the actual trajectories of the populations are unknown; however, both the
population structure and the personal observation that few to no dead E. alatus plants
were encountered at any site suggest that the populations may be spreading. The
pattern of decreasing status class with increasing PAR and increasing basal area of
shade-tolerant understory trees indicates that the spread is almost certainly slowed by
light limitations. Competition from surrounding vegetation, specifically shade
tolerant small trees, also appears to influence spatial arrangement of E. alatus.

Conclusions
The results of my study indicate that Euonymus alatus has, without canopy
disturbance, established and persisted in the understory of mid-successional forests in
southeastern NH. Areas of the forest floor with greater levels of PAR appear to
facilitate its successful establishment and growth, and although competition for light
may not indefinitely constrain its distribution to existing patches, low light levels will
at least slow its rate of spread throughout the forest.
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APPENDIX A

Results of simple regression showing the relationship between stem height (m) as a
predictor of age in Euonymus alatus, with site as a covariate. Stem height and stem
age are both log]0 transformed and age estimates are based on wood ring counts
froml04 plants at four sites in Durham, NH. The regression equation was logio (# of
wood rings) = b0 + &i*logi0(height). For plants with multiple stems, the tallest stem
was used for ring counts.

Site
MacDonald (MD)
Mill Road (MR)
Thompson Farm (TF)
West College Woods
(WCW)

# of
plants

Constant (b0)

Regression
coefficient (6,)

F’-Ratio

F-value

30
25
25

-0.198
-0.648
-0.518

0.607
0.817
0.784

276.569
188.287
241.186

< 0.0001
< 0.0001
< 0.0001

24

-0.62

0.782

198.674

< 0.0001
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